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Abstract: Ensuring access to quality social housing is a major challenge for developing countries.
The problems of standardized mass housing are well-known. However, this type of provision
is ubiquitously used for its advantages when addressing pressing shortages, often resulting in
significant mismatches between the attributes of the housing and the requirements of the dwellers.
This multidisciplinary study explores linkages between personalized development and residential
satisfaction towards informing a mass personalization approach to social housing. In specific,
it presents a model that formalizes this relationship using expectancy disconfirmation theory
and field information. A housing survey was conducted in four estates located in Concepción,
southern Chile, and complemented with environmental performance data generated with simulation
software. The analysis of the results suggests that the relationship between occupants and providers
(i.e., personalization as a service) can influence the build-up of expectations, while the capacity of
the dwellings to meet the requirements of different households (i.e., personalization as a product)
can have a significant impact on satisfaction. These outcomes are formalized with a model that
acknowledges these links at different stages of occupancy and, therefore, can be used to inform the
personalized development of mass social housing.

Keywords: personalization; environmental performance; residential satisfaction; energy retrofitting;
social housing

1. Introduction

According to estimates of the United Nations Human Settlement Programme (UN-Habitat), 55%
of the global population currently lives in urban areas. This number is expected to increase by close
to 20% over the next 30 years. Significantly, urbanization rates are projected to be the fastest in low
and middle-income countries that currently face major challenges such as urban poverty, inadequate
infrastructure, inefficient transportation systems, and unsustainable energy sources. In this context,
ensuring access to quality affordable housing has become a major public policy concern. Close to 28%
of the world’s urban population currently lives in informal settlements, and by the year 2030, nearly 3
billion people are expected to be in need of adequate housing [1–3]. To confront this imminent housing
crisis, new approaches are needed for housing provisions capable of meeting both the strategic goals
of developing economies and the individual concerns of urban dwellers.

As explained by Okpala [4], housing strategies in developing nations have gradually evolved from
privatized rental housing to the large-scale production of public complexes. Whereas private enterprise
played a significant role in the early stages of the post-World War II period, mostly due to the business
opportunities opened by the increased demand for dwellings, the problems that came with rapid
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urbanization motivated straightforward public interventions. In this sense, governments from across
the developing world attempted to ensure access to housing assuming that the technical capabilities of
industrialization combined with the resources of the public apparatus would enable addressing the
growing housing deficits. However, the evidence demonstrates that centralized mass housing has
consistently failed to reach low-income households while demotivating individual entrepreneurship,
and thus becoming a burden for most countries. Centralized housing delivery disregards the needs
and capabilities of the occupants, reduces the number of materials and techniques that can potentially
be used in the construction process, and becomes more expensive due to larger fixed costs behind their
operation [5]. In this context, Okpala [4] explained that the most innovative solutions have come from
a mixed production system led by a heterogeneous group of agents that included volunteers, for-profit
companies, entrepreneurs, amateurs and non-profit organizations. While formal developers in this
group, such as real estate and construction companies, have made a substantial contribution by housing
middle-income dwellers through different market approaches, the deficits of low-income households
and the urban poor have traditionally been tackled informally through self-construction. Accordingly,
it has been argued that self-help housing may become an alternative to traditional provider-centered
approaches in resource-scarce contexts, mostly due to its capacity to meet the requirements of different
households while acknowledging the scattered nature of a country’s building capabilities [6,7]. Some
experiences, such as the open building movement [8] and the work of Habitat for Humanity [9], as well
as mainstream schemes based upon progressive or incremental housing [10–12], adaptive or flexible
types [13,14] but also participatory and/or co-design in general [15,16], demonstrate how transferring
substantial parts of the decision-making process to the occupants can help to harness uncertainty
in the design process, reduce construction costs, and strengthen the bond between households and
their dwellings. Notably, the UN Habitat’s long-dated plea has been for thorough incorporation
of self-help schemes at a policy level and straightforward involvement of the World Bank in their
financing since the 1970s. Nonetheless, the impacts of such initiatives across the developing world
have been limited [17–19].

User-centric approaches, such as self-help housing, may ensure stronger coherence between
the requirements of different households and the characteristics of their residential environments.
However, such initiatives have failed to scale up and generate feasible delivery alternatives to repetitive
mass housing in countries facing pressing shortages. This study contributes to ongoing research
exploring the potential and limitations of mass personalization as a means to reconcile quality and
affordability in social housing [20,21]. In particular, this study uses a field information environmental
performance assessment to structure a residential satisfaction model for predictive personalization
within the constraints defined by Chilean regulations to lay the foundations for mass personalized
housing approaches.

1.1. Mass Personalized Housing

Mass personalization is an approach for mass customization in which the attributes of a product
or service are tailored to meet the tacit or latent needs and preferences of individuals [22,23]. While
traditional mass production enables the development of cost-efficient products by relying on repetition
and economies of scale, its effectiveness as a delivery strategy depends on the capacity of the products
to meet universal needs that should, therefore, be present in large groups of individuals. In this
context, mass customization takes advantage of the possibilities opened by information systems, such
as computer-enabled design and automated manufacturing, to increase the potential variability of
these products without breaching the limits of affordable production [24–26]. In this sense, mass
customization enables a conversation between users and the means of production, often through online
configurators or co-design platforms that enable a stronger coherence between the requirements of
a user and the characteristics of a product. Mass personalization is, therefore, a way to understand
and address the mass customization principles in which a production system is structured towards
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discovering alternatives that should meet the implicit requirements of a user with higher accuracy
than the one that may be achieved through explicit specification [27].

A mass personalization approach to housing development may offer substantial advantages when
contrasted to traditional centralized strategies based on repetition [20,28,29]. The first and most evident
of these advantages is its capacity to increase the potential variability of the dwellings, and therefore to
meet the specific needs and preferences of different occupants without a significant increase in costs or
lead times. Rather than limiting the design and construction process to the delivery of housing capable
of meeting the universal needs of an average household, mass personalization opens the possibility of
addressing requirements that may be as diverse as the members of a target population. In parallel,
mass personalization entails a paradigm shift for how housing is conceptualized and constructed.
A product-service ecosystem is a coherent structure of interacting products and services, including
the agents and ambiances involved in their design, use and production, that enables adaptability,
and therefore the sustainability of a business model [30,31]. Instead of understanding housing as a
static end-product, mass personalization entails approaching housing as a dynamic product-service
ecosystem that, therefore, may respond to changing occupancy patterns at different stages of the
housing’s life cycles.

Mass personalization can help to establish the feedback mechanisms needed to ensure this
structural continuity. Hence, when introduced to housing, it can inform sustainable development
approaches by responding to the changing needs and preferences of the occupants and their
environment. Nonetheless, introducing the principles of mass personalization to housing is a
major undertaking. It requires addressing problems such as: (a) Defining adaptable production
systems capable of ensuring variability and cost-efficiency over time; (b) establishing communication
systems and schemes for different agents to coordinate their operations towards mutually beneficial
outcomes (i.e., value co-creation); and (c) identifying and foreseeing changes in the latent requirements
of the housing occupants in order to develop solutions able to match them over time. This study
focuses on the later and uses residential satisfaction as criteria to assess the capacity of a dwelling to
meet different occupancy requirements and thus to inform quality housing development.

1.2. Residential Satisfaction Modeling

Along with mass-efficiency and customer co-creation, user experience design is a key dimension
of the mass personalization process [27]. To unveil the latent needs and expectations of a user, mass
personalization relies on interfaces and platforms to enable virtual interactions with a range of products
and services through which these implicit factors can be explored and captured [22]. In parallel,
the sustainability of a product-service ecosystem depends on its capacity to ensure engaging and
long-lasting user experiences that enable adaptability to ambiant changes and user requirements, and
therefore its continuity [30]. When extended to the realm of the built environment, user experience
design should target conditions beyond human-computer interactions to include the physical and
psychological factors that define a household’s state of wellbeing. These factors are systematized in
the literature under the notion of residential satisfaction, explained as a household’s state of fulfillment
that emerges from the differences between its expected and perceived residential conditions [32].

According to theories of housing adjustment, households constantly undergo a self-assessment
process through which the attributes of their residential environment are contrasted to ideal conditions
that are built and based upon social norms. When the perceived conditions do not match expectations,
different adjustment behavior may be triggered including changes to the structure of the household,
relocation into a different house or neighborhood or architectural modifications through retrofitting
strategies such as self-construction [33–35]. In this sense, there is a strong connection between the
notions of residential satisfaction and one of personalization. This is because the act of modifying
a dwelling can be explained as a response to the mismatches between perceived attributes and
expectations that may have either changed over time or were not addressed through an effective
personalized design process [14,36].
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There is a substantial body of research dealing with the issue of residential satisfaction. Seminal
work by Weidemann and Anderson [37] categorized these works into two main streams including
studies focused on residential satisfaction as a means to explain housing quality perceptions [38–40]
and those that explored its capacity to explain and enable management of occupant behavior [13,41].
Regardless of their scope, residential satisfaction is by definition a subjective phenomenon that,
therefore, may not be fully described without incorporating the perspectives and opinions of the
occupants [42]. This understanding of the residential environment is present in satisfaction models
explaining this phenomenon as a dynamic system of interacting physical, psychological and social
factors [38]. Regardless of the strong links between these factors, there is no available model focused on
predicting the impacts of housing personalization on residential quality perceptions and satisfaction.
This study relies on former works on service quality modeling as a means to inform design for mass
personalized housing [43,44], and the expectancy disconfirmation model in particular [45]. This is done
after the capacity of these models are formalized and implemented as computational tools to inform
the decision-making process, including mass customization and personalization platforms [46,47], and
the ubiquitous use of the proposed model in the user satisfaction literature [43,48].

1.3. Overview of the Chilean Case

The Chilean social housing program is used here as a case study to gather empirical data towards
informing the development of a forecasting model for household satisfaction in mass personalized
housing. This section provides an overview of this program and discusses some of its implications on
quality perceptions and personalization.

Over the past decades, Chile has made substantial efforts to ensure the provision of quality
affordable housing to low-income dwellers. Its social housing policy, strongly reliant on private
enterprise while financed through a combination of household savings and demand-side subsidies,
is regarded as an example of successful governance for its capacity to cope with a growing demand
for dwellings while reducing the accumulated deficit to a historic minimum [49,50]. However,
this quantitative success is increasingly being challenged by significant qualitative problems in
neighborhoods and dwellings [51–53]. In this context, a number of initiatives are pushing towards
alternative approaches to design and development, aiming to enhance the quality of the outcomes
through, e.g., active community interventions, participatory design, assisted self-construction and
incremental schemes [12,54,55]. Nonetheless, this type of initiatives is yet to have a large-scale impact
in the Chilean housing sector [56]. However, as argued by Hidalgo et al. [57], the current approach to
housing delivery has grown in legitimacy through the appropriation of popular demands regardless of
the incapability of meeting them.

Katsura and Romanik [58] explained that the Chilean Model stands over three main principles:
(i) A shift in the responsibility for housing development from governments to the private sector; (ii)
the provision of one-time grants to build, purchase, or complete ownership dwellings; and (iii) the
definition of transparent mechanisms for selecting beneficiaries based on household income and
savings. Regardless of its continuous transformation since its introduction, these three fundamental
components are still present in the current Chilean social housing policy. Housing is financed through
household savings and a fixed contribution by the public sector according to formulae defined by
law. Then, depending on the program, these funds can be complemented with different subsidies
and/or household resources. The resulting amount is then used to either build a dwelling with
private developers or to purchase them in the market, while the beneficiaries are selected in open
calls according to a formal allocation and scoring system that considers their social vulnerability
status among other factors. In parallel, the housing developers are required to comply with tight
regulatory standards defining the minimum number and size of the rooms, the admissible construction
systems and materials, and performance standards among others [59,60]. Although in recent years
a number of schemes targeting middle-income households for both, ownership or rental housing,
as well as retrofitting works have become available, this system predominantly targets low-income
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households providing them with ownership housing. Accordingly, for many, it becomes a once in
a lifetime opportunity to significantly improve their life quality and prospects, while the logic of
the system results in housing that meets only minimum regulatory standards dismissing the needs
and preferences of the occupants [21]. This explains the significant levels of personalization through
informal construction found in the estates [61,62].

Chile has extensive experience dealing with the issue of personalization. Although the concept has
not explicitly used within governance, since at least the 1950s, the self-help capabilities of households
have been fostered through different progressive and incremental housing schemes [56,63]. In parallel,
self-construction is ubiquitous in low-income housing where it is used as an informal strategy to
alleviate mismatches between the needs of different households to the characteristics of standardized
dwellings [64], including both major modifications such as housing extensions and balconies, and minor
ones such as the subdivision of spaces and finishes [61]. However, as explained by Sugranyes [52],
political reforms introduced over the past decades have substantially reduced the space for self-help
action, arguably for being incompatible with the country’s macroeconomic goals and the internal logic
of mass production.

In this context, since the 2000s, there has been a renewed interest in the introduction of
personalization principles to housing developments. The work of several nongovernmental
organizations (NGO) have gained international attention due to their innovative approaches based
upon comprehensive community interventions, participatory design principles, and fostering the
self-help capabilities of the dwellers (e.g., [12,54]). In parallel, social housing regulations require
comprehensive social enabling plans intended to: (a) Assist the beneficiaries in the transition to
their new residences; (b) allow straightforward participation in the decision-making process; and
(c) strengthen community cohesion [65,66]. However, this regulation has had little impact on the
quality of mainstream developments [67,68]. However, the lack of empirical knowledge regarding the
potential of different approaches may limit attempts to prioritize successful initiatives or improve those
that may be lagging. In this context, this study contributes towards the development of an alternative
approach to housing delivery based on mass personalization that may enable user participation
and informing self-help action, and therefore enhance housing quality without the need of major
policy transformations.

1.4. Aims, Scope, and Limitations

As outlined above, mass personalized housing aims to automate the definition of residential
alternatives able to meet latent occupant needs and preferences within the limits of affordable
production. The objective of this study is limited to defining an evidence-based model to identify
and foresee changes to such latent requirements using the Chilean social housing program as a case
study. This is done with the statistical analysis of empirical data collected with an on-site survey and
generated with simulations of energy demand, towards informing the definition of a predictive model
of household satisfaction.

The aims of this study require a multidisciplinary approach to the problem of mass social housing
that draws knowledge from areas, such as environmental performance assessment, architecture,
planning, and policy-making, as well as sustainability and social sciences in general. In this sense, it is
important to clarify that the scope of this study is on the micro-level towards addressing the problems
of the household and its dwelling. The important issues related to, e.g., the location of the estates
or their place in a larger geographical system, the quality of the neighborhoods and the impacts of
social networks on household perceptions are not addressed here. This is justified by the focus of the
study on the problem of informing the architectural and material properties of the dwellings and their
capacity to meet individual household expectations. In this sense, the work focuses on informing
changes, such as the construction of extensions, material retrofitting, and other common modifications
found in Chilean social housing estates. Other scales of the problem, although important, are beyond
the problems addressed by this study.
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In this sense, another important limitation of this work is its focus on the structuring of an
evidence-based model rather than on its implementation, evaluation, and/or validation. This study
uses modeling as a means to systematize meaningful information obtained through the analysis
of primary data sources towards establishing the foundations needed to enable introducing mass
personalization principles to social housing developments. Accordingly, this study focuses only on
identifying statistically significant correlates that may enable forecasting the needs and expectations
of the residents, and thus inform housing attributes capable of meeting household requirements and
maximum satisfaction. This implies that the study by no means intends to address the Chilean social
housing problem in all of its complexity nor to offer a solution that may be feasible in the short term.
Rather, it relies on the constraints and attributes of this program as a means to ground the definition of
a model in this specific setting using real data coming from residents.

2. Methods

This section outlines the methods that were used to assess existing relationships between different
personalization strategies and residential satisfaction in Chilean social housing, as well as their use
as empirical information to propose a residential satisfaction model. The following is divided into
three parts. Section 2.1 presents a resident satisfaction survey intended to explore linkages between
personalization, satisfaction, and different household factors including the cases, their location and
climate, and the statistical analysis techniques used to assess the outcomes. Then, Section 2.2 describes
the methods and variables used to quantify the impacts of different housing modifications on the
environmental performance of the dwellings using building energy simulation software. Lastly,
Section 2.3 presents expectancy disconfirmation theory as a means to generate a satisfaction model for
predictive personalization based on the outcomes (Figure 1).

Figure 1. Proposed data gathering, analysis, and modeling methods and their structural relation.

2.1. Housing Survey

A residential survey was conducted on four case study housing estates covering mid-rise
apartments, terraced, and semi-detached houses. Two of these estates were developed by a non-profit
NGO that actively engaged in participatory design activities and encouraged self-help action, while the
other by a for-profit real estate and construction (REC) company that focused on maximizing revenues
while meeting the minimum requirements defined by regulation. The name of these companies is
not included in this paper for confidentiality purposes. Only ownership housing estates that were
recently built in the moment of the survey were included in the analysis (i.e., 1 to 5 years old) which
aimed to access information regarding the activities that were conducted before occupancy as well
as the motivations that may have driven self-construction at early stages of occupancy. The survey
focused on assessing correlates between different personalization strategies, residential satisfaction,
and demographic factors. This section covers the cases (Section 2.1.1), the criteria used to define the
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sample size and information gathering procedures (Section 2.1.2), the main modules and variables of
the survey (Section 2.1.3), and the statistical techniques used to analyze the outcomes (Section 2.1.4).

2.1.1. Case Study Housing Estates

The housing survey was conducted in Concepción, the largest metropolitan area of central-southern
Chile with a population of 992,589 and a density of 1318 inhabitants/km2. This city is characterized by
its temperate maritime climate with warm summers and mild winters, and the mean temperatures
between 17 ◦C and 8 ◦C respectively for 70% of the mean relative humidity. Concepción is one of
the largest urban areas of Chile and was selected for the study both for the number of social housing
present in this area and former studies suggesting significant problems in terms of residential quality
and satisfaction [69,70]. Significantly, in the year 2010, the Concepción region underwent a magnitude
8.8 earthquake that resulted in an increased demand for social housing and substantial reconstruction
efforts [71,72]. Some of the homeowners surveyed in this study were affected by this event, motivating
them to access housing services. Nonetheless, the present work did not address the impacts of this
earthquake on satisfaction as all the units surveyed were built after the year 2010 and the questionnaires
focused on assessing changes that therefore occurred after this event.

The first two housing estates included in the survey were developed by a non-profit NGO that
relies on active, community intervention, participatory design, and incremental housing strategies
as a means to inform the development of its projects. The nature of this NGO is clear in its motto,
which is to overcome poverty and informality through different activities focused on generating social
awareness and political advocacy to promote social change. In this context, this NGO is well known
for using donations and volunteer work to build temporary shelters for people living informally,
while conducting comprehensive community interventions. The first of the NGO cases included
in the survey was the TR housing estate. This is the first stage of a 64-unit complex located on the
periphery of the city of Concepción. The development consists of 32 terraced two-story units of a single
architectural type mirrored over one axis and with five different possible orientations. The second
NGO case included in the survey was the JPUS housing estate, a mid-rise housing block located in
the urban center of Concepción with a total of 64 apartments (Figure 2). Table 1 describes the main
construction materials and envelope components of the dwellings, all of which meet current regulatory
standards and are of common use in the Chilean building industry.

Figure 2. TR (left) and JPUS (right) case study housing estates by the nongovernmental organizations
(NGO) developer.
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Table 1. The main construction materials and envelope characteristics of the NGO housing cases.

Element TR JPUS

Envelope Materials

Walls G. Floor Ceramic brickwork 154 mm
Reinforced concrete 150 mm a

Walls 1st Floor Timber framing 100 mm
Roofs Timber framing 80 mm Timber framing 100 mm
Floors Concrete slab 100 mm Concrete slab 150 mm

Insulation Materials
Walls G. Floor EPS 20 mm

EPS 20 mm a
Walls 1st Floor Cement Plaster 20 mm

Roofs Glass wool 100 mm Glass wool 100 mm

Opening Materials Windows Single glazed 3 mm Single glazed 3 mm
Doors Hollow core MDF 4 mm Hollow core MDF 4 mm

U-values [W/m2
·K]

Walls G. Floor 1.41
1.19 a

Walls 1st Floor 1.04
Roofs 0.33 0.34

a Applies to all the floors of the building.

In parallel, two further housing estates were included in the analysis. These were developed by
a mid-sized for-profit private REC company with almost 60 years of experience in the construction
industry. This included public procurements across Chile and more than 15,000 dwellings delivered
since 1994. The orientation of this REC company is also clear in its motto, which is to achieve a leading
role in the real estate market of social housing across various Chilean regions, using technology and
organizational capabilities to deliver value to its customers. Businesswise, this company works under
the rationale defined by current Chilean social housing regulations, i.e., as a for-profit company it is
involved in the projects as a means to obtain revenue and sustain its team and operations. The housing
estates of the REC company included in the survey are two different stages of a single mass housing
complex of 446-units (Figure 3). The first housing estate, namely the SDH1, consists of 44 identical
two-story semi-detached houses, mirrored along a single axis for a total of two possible orientations.
The second case included in the survey, namely the SDH2 estate, consists of six mid-rise five-story
apartment buildings for a total of 104 dwellings. All the apartments have similar architectural designs
that consist of a single apartment type mirrored along two possible axes and then placed facing four
possible orientations. All the apartments have a common glazed lobby with lock access and staircases
as vertical circulation. Table 2 summarizes the construction materials and envelope components of
these cases, all meeting current standards.

Figure 3. SDH1 (left) and SDH2 (right) case study housing estates developed by the real estate and
construction (REC).
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Table 2. The main construction materials and envelope characteristics of the REC housing cases.

Element SDH1 SDH2

Envelope Component Materials
Walls Timber framing 90 mm Reinforced concrete 150 mm
Roofs Timber framing 80 mm Timber framing 100 mm
Floors Concrete slab 100 mm Concrete slab 100 mm

Insulation Materials
Walls EPS 20 mm EPS 20 mm
Roofs Glass wool 100 mm Glass wool 100 mm

Opening Materials Windows Single glazed 3 mm Single glazed 3 mm
Doors Hollow core MDF 4 mm Hollow core MDF 4 mm

U-values [W/m2
·K]

Walls 1.34 1.21
Roofs 0.32 0.38

2.1.2. Sample Size and Procedures

After defining the cases, the participants were randomly selected, and the sample size was
determined with a confidence of 99% and 15% interval for each housing estate for 130 cases in total
(Table 3). The residential survey was conducted on-site by the first author of this paper. Only heads of
households were approached to answer a questionnaire voluntarily, and the results were anonymized
before the analysis. In parallel, a total of 97 of the 130 surveyed cases were registered using photographs
and sketches. This information was later used to assess the extent and workmanship quality of the
modifications to inform the building energy simulations described in Section 2.2.

Table 3. General characteristics and sample size of the surveyed population.

TR JPUS SDH1 SDH2

Type Terraced Apartment Semi-detached Apartment
Surface [m2] 58 57 45 and 55 55
Units [total] 32 54 46 104

Units [surveyed] 23 35 29 43

2.1.3. Modules and Variables

Given the scope of the survey, the questions were gathered under three main modules, i.e.,
(i) demographic characteristics, (ii) expectations and satisfaction, and (iii) modifications to the housing.
The demographic characteristics module gathered information regarding the size and structure of
the households, number of family nuclei, age segments (i.e., 0 to 5 as child, 6 to 17 as young, 18 to 35
as young adult, 36 to 59 as adult, and 60+ as elder), gender, relationship to the head of household,
former residential conditions (i.e., non-renter, informal dweller, renter, or other), educational level
(i.e., less than primary, primary, secondary, or tertiary education), mean autonomous household income
decile, and occupation (i.e., housekeeping, employee, self-employed, informal worker, unemployed,
unoccupied, pensioner, or student). Further variables such as housing types, surface areas, type of
developer, and housing complex were gathered and coded in parallel.

The expectations and satisfaction module ranked current and past levels of fulfillment of the
survey participants with general characteristics of their dwellings, where 1 was considered as very
low, 2 as low, 3 as neutral, 4 as good, and 5 as very good. This scale was used to assess the number of
bedrooms, the potential for extensions, the potential for internal modifications, the lot size, the kitchen
size, the finishing works, the bathroom location, and the dwelling size (i.e., architectural variables);
and, the humidity levels, natural light, ventilation, safety, acoustic and visual privacy, as well as both
winter and summer temperatures (i.e., environmental variables). The interviewees were asked to
rank by memory the expectations they had regarding both general architectural and environmental
conditions before occupancy. This is a limitation of the study due to the impacts of time on memory
and current satisfaction levels on the motivations behind the responses. Nonetheless, as a consequence
of the time limitations of the project, various measurements were set in place to avoid misleading
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responses [73]. These include: (a) Using a short 5-point scale; (b) closed questions; and (c) simple
labeling of alternatives to simplify and constrain the rationalization process, as well as a description of
the scope and aims of these questions by the interviewer immediately before gathering the data.

Then, the modifications module assessed any modifications to the dwellings including size
(i.e., surface area) and materials for extensions (i.e., wood, masonry or concrete), finishing works
(i.e., paint, paint with primer, ceramic tiling, paper, vinyl, carpet, wood tiling, and wood panels),
date of construction, builder (i.e., self-construction, informal or formal contractor) and end-use.
The participants were also asked to identify the residential modifications they considered to be the
most important and the motivations that led them to build them to guide a photographic survey that
was used to collect detailed information on qualitative aspects of these modifications. This information
was later sorted, and only permanent to semi-permanent modifications were included in the analysis
to exclude, e.g., furniture or ephemeral decorations.

2.1.4. Statistical Analysis

The Spearman’s rank order correlation (Rho) coefficient was used to identify relationships of
statistical significance between ranked variables, where rs = 0.00 to 0.19 was considered negligible,
rs = 0.20 to 0.29 as weak, rs = 0.30 to 0.39 as moderate, rs = 0.40 to 0.59 as strong, and rs = 0.60 to
1.00 as very strong correlations. After this initial assessment, the analysis focused on determining
the statistical significance of differences in expectations and residential satisfaction among groups
using the Kruskal-Wallis H test. The type of dwelling, housing developer, and general household
characteristics were used as segmenting variables. Only statistically significant results are reported in
this paper. All the analyses were conducted using the IBM SPSS Statistics v22 software package (IBM,
Armonk, NY, USA).

2.2. Building Energy Simulation

The photographic survey described in Section 2.1.2 was used to identify the most frequent
modifications conducted on each dwelling according to their type. These were later modeled and their
annual accumulated hours of discomfort, as well as total energy demand for space heating (kWh),
were contrasted to benchmark unmodified dwellings. To constrain the analyses to the impacts that
personalization may have on thermal performance and disregard other factors, all possible orientations
for a single unit were simulated whilst non-architectural conditions such as the size of the household,
internal gains or occupancy schedules were kept unmodified across cases.

Whereas the benchmark dwellings were modeled using official architectural plans and technical
documentation provided by the developers, the geometry, orientation and construction materials of the
modifications were estimated based upon sketches and photographic information. Figures A1–A4 in
Appendix A summarize the modifications included in the analysis. All the dwellings were simulated
using a standard 4.77-member household [21]. The thermal performance of the dwellings was assessed
by simulating daily hours of discomfort over a standard year (Predicted Mean Vote in [74]) while the
total demand for space heating and cooling energy was assessed using a single HVAC system with
set point and set back temperatures and heating schedules defined after field observations (Table 4).
All the simulations were conducted using the DesignBuilder Engineering Pro v5 software.
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Table 4. Benchmark factors included in the building energy simulations.

Variable Baseline Value(s)

Setpoint temperatures [◦C] 18–25
Setback temperatures [◦C] 12–28

Occupancy gains [W/p] 128
Space heating [CoP] 0.5

Domestic water heating [m3s/W] 0.530
Infiltration rate [ach] 3.0

2.3. Household Satisfaction Modelling

Expectancy disconfirmation theory states that user satisfaction can be explained as a function
of the expected and perceived performance. When accessing a product or service, users often
anticipate a certain level of performance and form expectations that are later contrasted to the
performance they perceive. Then, if the resulting performance is greater or equal to the one expected
(i.e., positive disconfirmation), it is assumed to result in satisfaction, while if the performance is lower
(i.e., negative disconfirmation), it is assumed to result in dissatisfaction or lower satisfaction levels
(Figure 4). Although expectancy disconfirmation theory was originally devised in marketing research
to explain post-purchase customer intentions, this model has extensively been used in sociology [75],
psychology [76], public policy [77], and information systems [78] as well as in other areas of research
to explain and formalize the interacting conditions behind user satisfaction. This model is used in
this study as a framework to understand and formalize the impacts of the attributes of the residential
environment on household satisfaction.

Figure 4. The relationship between different components of the expectancy disconfirmation model.

In particular, the proposed model extends Seth et al.’s [43] formalization of the expectancy
disconfirmation service quality model described as:

SQ =
∑k

j=1

[
Pi j − Ei j

]
, (1)

where SQ is the overall service quality; k is the number of attributes; Pi j is the performance perception
of stimulus i regarding to attribute j; and Ei j is the expectation regarding service quality for attribute j
that is the relevant norm for stimulus i.

3. Results and Discussion

As explained above, the main objective of this study is to develop a residential satisfaction model
for predictive personalization in social housing. This section presents the results of the resident
satisfaction survey and thermal performance evaluation (Sections 3.1–3.3) before describing their use
as empirical means to devise such a model (Section 3.4).

3.1. Residential Satisfaction Survey

This section presents the main results of the residential satisfaction survey in three parts, including
a review of the demographic characteristics of the occupants and existing modifications to the physical
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characteristics of the residential environment (Section 3.1.1), and the relationships between these
variables to both residential satisfaction and expectations (Section 3.1.2). The section ends with a
statistical analysis to identify existing correlates between these factors (Section 3.1.3).

3.1.1. Demographics and Housing Modifications

Figure 5 summarizes the main demographic characteristics of the surveyed households. Most of
the dwellers were in the 18 to 35 age (n = 137) range, followed by people in the 6 to 17 (n = 109) and 36
to 59 (n = 107) ranges. More than half of the participants were females (n = 57). Most of the heads
of household had only primary education while close to one-third had completed their secondary
education. In terms of household size, most of the households had four members (32.39%), followed
households of three (26.06%), two (14.08%) and four (13.38%) members (mean 3.86). Regarding the
main occupation of the surveyed households, in most of the cases, the heads of household worked in
housekeeping (28.40%), as employees (27.70%) or were self-employed (22.60%).

Figure 5. Demographic characteristics of the households included in the residential survey.

As suggested by the literature and despite being recently built, most of the cases were personalized.
At the time of the survey, only 12.5% of the cases were unmodified while 32.2% were highly
modified [11,52]. As illustrated in Figure 6, most of the housing modifications found were self-built
(77%) and diverse in terms of the extent and craftmanship levels. Most of the changes to the housing
were built within the year prior to the survey (52.5%), while close to one-third were between 2 years
(32.5%) and 15.0% earlier.



Sustainability 2019, 11, 3943 13 of 30

Figure 6. The differences in personalization extent and craftsmanship found in some of the survey cases.

Figure 7 summarizes the most frequent internal and external modifications found in this field
survey. Most of the modifications found were built in the interior of the housing, where changes to
the walls (75.13%) and floor (68.13%) finishes, and the addition of kitchen furniture (55.87%) were
the most frequent. The modifications to the exterior of the housing, in contrast, were less frequent,
with changes to the doors (19.19%), the addition of garden fences (18.60%) and external rain coverings
(17.44%) as the most frequent. These differences may come from to the fact that interiors are often
delivered unfinished in social housing, while the technical challenges and direct benefits associated to
their materialization may be higher to the ones related to the exteriors.

Figure 7. Summary of the most frequent external (left, grey) and internal (right, orange) modifications
to the housing.

3.1.2. Expectations and Residential Satisfaction

Figure 8 and Table 5 summarize the mean expectations and satisfaction levels of the survey
participants. The mean satisfaction and expectations levels with the architectural characteristics of
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the housing were high with 3.81 and 3.87 respectively, while the mean satisfaction levels with the
environmental quality of the residential environment were lower with 3.26 in total and expectations at
3.71. In the architectural quality group, the variable with the highest score was bathroom location (BL)
with satisfaction and expectation levels of 4.51 and 4.67 respectively, while the lowest was kitchen size
(KS) with a mean satisfaction level of 2.81 and expectations of 2.78. In the environmental quality group,
the variables showing highest satisfaction levels were natural light (NL) with 4.31 while the lowest was
winter temperatures (TW) with 2.12. In this same group, expectation levels with summer temperatures
(TS) were the highest with 4.83, while visual privacy (VP) was the lowest ranked variable with 3.42.

Figure 8. The mean expectation (orange) and satisfaction (grey) levels with general architectural (left)
and environmental (right) conditions.

Table 5. The mean expectation and satisfaction levels with architectural and environmental conditions.

Group Variable Expectation Satisfaction

Architectural

Dwelling size (DS) 4.32 3.76
Number of bedrooms (NB) 4.42 4.01

Lot size (LS) 3.81 3.79
Extensions (E) 4.21 4.00

Modifications (MD) 3.89 3.53
Kitchen size (KS) 2.81 2.78

Finishes (F) 2.91 3.16
Bathroom location (BL) 4.51 4.67

Environmental

Moisture (M) 2.00 3.82
Ventilation (V) 4.07 3.64

Visual privacy (VP) 3.91 3.42
Safety (S) 3.69 3.76

Acoustic privacy (AP) 3.44 3.96
Temperatures summer (TS) 2.55 4.83
Temperatures winter (TW) 2.12 4.55

Natural light (NL) 4.31 3.00

When the results are analyzed in detail, it is possible to appreciate a significant gap between
expectations and satisfaction levels in the group of environmental quality variables, and no significant
differences in the architectural quality group. While the mean difference between expectations and
satisfaction in the architectural quality group was 5.00% (Min. 0.40%–Max. 11.20%), this difference
in the environmental quality group was 23.36% in average (Min. 1.50%–Max. 48.57%). In parallel,
in the environmental quality group, the variables that received the lowest score were also the ones
that showed the largest gaps between expectations versus satisfaction levels with 48.57% (2.12 versus
4.55) for winter temperatures (TW), 45.63% (2.55 versus 4.83) for summer temperatures (TS) and
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36.40% (2.00 versus 3.82) for moisture (M). These results suggest that high expectations may influence
satisfaction levels in the environmental quality group, as explored in the next section.

3.1.3. Correlations and Comparative Assessment

Table 6 summarizes statistically significant Spearman correlations linking household demographics
and satisfaction with housing modifications. These results evidence clear relationships between the
demographics of the heads of household and the presence of housing modifications, and between these
modifications and residential satisfaction. When exploring links between household demographics and
modifications to the residential environment, the age of the head of household was strongly correlated
to the presence of extensions and moderately correlated to the construction of external fences and shed
in the exteriors. The income of the household and the occupation of the head of household were also
moderately correlated to finishing works in floors and construction of external pavements respectively.
In parallel, when exploring links between satisfaction and different housing modifications, satisfaction
with the number of bedrooms in the house, acoustic privacy and lot size were very strongly correlated
to the size of the extensions. The satisfaction levels with the potential of the house to be modified was
also strongly correlated with the size of the extensions, while satisfaction with the natural light of the
dwellings was moderately correlated to the presence of external roofs. No significant correlations were
found between modifications and satisfaction levels in terms of the size of the dwellings. Nonetheless,
demographic variables, such as the number of occupants and nuclei were correlated to satisfaction
with the dwelling size (rs = −0.291, n = 108, p = 0.002 and rs = 0.223, n = 108, p = 0.018 respectively),
while number of occupants and income were correlated to satisfaction with the number of bedrooms
(rs = −0.525, n = 108, p < 0.001 and rs = −0.231, n = 104, p = 0.018 respectively). These results suggest
that only major modifications to the dwellings, such as extensions and changes to the layout, may
have a significant impact on residential satisfaction, while the effects of minor modifications such as
finishing works were negligible.

Table 6. Selected correlation analysis results, linking demographics, and satisfaction with
housing modifications.

Independent Variable Dependent Variable Coef. Sig. n

Demographics/Modification

Age household head Extension (exterior) +0.449 =0.017 28
Age household head Fences (exterior) −0.386 =0.027 33
Household income Floorings (interior) +0.359 <0.001 98
Occupation h. head Pavements (exterior) +0.334 =0.008 43
Age household head Shed (exterior) −0.318 =0.049 39

Satisfaction/Modification

Number of bedrooms Extension size −0.783 <0.001 16
Acoustic privacy Extension size −0.703 =0.002 16

Lot size Extension size +0.660 =0.005 16
Extension potential Extension size +0.510 =0.044 16

Natural light External roofs −0.389 <0.001 109

After identifying the most significant correlates linking household demographics, residential
satisfaction, and housing modifications, the analysis focused on exploring the impacts of different
grouping factors on household expectations and satisfaction. In this sense, the Kruskal-Wallis H test
evidenced significant differences in satisfaction levels when the cases were segmented by housing and
developer types (Figure 9 and Table 7).
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Figure 9. The mean satisfaction levels with environmental (right column) and architectural (left column)
conditions segmented by housing (upper row) and developer (lower row) types.

Table 7. Satisfaction levels with architectural and environmental conditions segmented by housing
(house versus apartment) and developer (NGO versus REC) types.

Group Variable
Housing Type Developer Type

House Apartment NGO REC

Architectural

Dwelling size (DS) 3.88 4.59 4.37 4.23
Number of bedrooms (NB) 4.19 4.57 4.64 4.09

Lot size (LS) 3.81 . 3.57 4.38
Extensions (E) 4.21 . 4.07 4.54

Modifications (MD) 3.46 4.13 4.12 3.53
Kitchen size (KS) 1.88 3.43 2.72 3.00

Finishes (F) 2.94 2.89 2.93 2.88
Bathroom location (BL) 4.28 4.66 4.87 3.95

Environmental

Moisture (M) 2.37 1.63 1.98 2.02
Ventilation (V) 3.77 4.26 4.09 4.05

Visual privacy (VP) 3.49 4.22 4.04 3.77
Safety (S) 4.02 3.53 3.85 3.52

Acoustic privacy (AP) 3.65 3.39 3.67 3.21
Temperatures summer

(TS) 1.7 2.76 2.37 2.14

Temperatures winter (TW) 2.27 2.29 2.1 2.73
Natural light (NL) 4.02 4.47 4.26 4.36

As shown in Table 8, when the type of housing was used as a segmenting variable (i.e., apartment
versus house), the analysis evidenced significant differences between groups in satisfaction levels
with the housing size, modification potential, the kitchen size, the bathroom location, moisture, visual
privacy, safety and winter temperatures. Then, when the results were segmented by the developer
type (i.e., REC versus NGO), the analysis evidenced significant differences in satisfaction levels with
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the number of bedrooms, modification potential, the bathroom location and acoustic privacy of the
housing. These results suggest that the type of housing can have a strong impact on residential
satisfaction but, more important, that the type of relationship between occupants and developers can
influence individual perceptions regarding the quality of the residential environment.

Table 8. The differences in residential satisfaction when segmented by housing and developer types.

Segmenting Variable Dependent Variable
Kruskal-Wallis H

Coef. Sig.

Housing type
[Apartment vs. House]

Housing size 7.398 =0.007
Modification potential 5.642 =0.018

Kitchen size 20.885 <0.001
Bathroom location 5.285 =0.022

Moisture levels 5.388 =0.002
Visual privacy 5.397 =0.020

Safety 4.303 =0.038
Winter temperatures 8.129 =0.004

Developer orientation
[REC vs. NGO]

Number of bedrooms 12.055 =0.001
Modification potential 7.775 =0.005

Bathroom location 19.279 <0.001
Acoustic privacy 3.061 =0.008

3.2. Thermal Performance Evaluation

As shown in Section 3.1, thermal performance is a key defining factor for residential satisfaction
in the cases under analysis. This section presents the results of a series of simulations focused on
quantifying the impacts of different housing modifications on this factor (see Appendix A for more
details of these modifications). Accordingly, it evaluates the impacts of the changes on accumulated
hours of thermal discomfort (Section 3.2.1) and energy demand for space heating (Section 3.2.2) to then
close with a comparative assessment (Section 3.2.3).

3.2.1. Discomfort Hours

Table 9 summarizes the impacts of the different housing modifications on accumulated hours of
thermal discomfort across cases. Whereas the benchmark dwellings accumulated an average between
2715.5 and 2,932.9 h of thermal discomfort depending on the project, modifications to the JPUS project
showed the largest increase in performance with −908.6 h of thermal discomfort and the JPUS project
the largest decrease with +1067.4 h.

Table 9. The annual addition of thermal discomfort hours per modification and orientation.

Project Orient
Modification

Mean
Mod A Mod B Mod C Mod D Mod E Mod F

TR
170◦ +20.9 −270.5 +5.6 +150.0 +26.2 . −13.5
60◦ +33.4 −251.7 +4.7 +140.3 +24.7 . −9.6

250◦ +1.8 −256.3 +28.4 +179.4 +25.0 . −4.3

JPUS
327◦ +908.3 +36.9 −2.1 . . . +314.3
284◦ +895.3 +44.8 −5.2 . . . +311.6
194◦ +973.4 −908.6 −74.8 . . . −3.3

SDH1

209◦ +1.5 +17.3 +29.1 −1.4 . . +11.6
299◦ +4.5 +26.0 +40.0 −1.7 . . +17.2
119◦ −0.7 +23.0 +43.0 −1.4 . . +15.9
29◦ +0.9 +23.9 +51.8 −2.6 . . +18.5

SDH2
28◦ +468.9 +426.2 +1047.9 −404.7 +97.3 −108.9 +254.4
94◦ +464.4 +414.8 +1067.4 −375.8 +75.3 −108.6 +256.2



Sustainability 2019, 11, 3943 18 of 30

Regarding the impacts of the different modifications in thermal performance of the housing,
changes in envelope materials, glazing of open apertures and greenhouse-type extensions resulted in
the most significant changes. Nonetheless, these impacts depended on the specific orientation of the
building as well as the geometric characteristics of the modifications. In the TR project, the addition of
a 2-story extension (Mod D) was related to the largest increase in discomfort hours while the addition
of an extension with polycarbonate roof (Mod B) resulted in the largest improvement. In the JPUS
project, the removal of bedroom walls combined with the glazing of the balcony apertures (Mod A)
resulted in the largest increase in discomfort hours, while glazing of balconies and other apertures
(Mod B) resulted in the largest comfort improvement. In the SDH1 project, the removal of kitchen and
bedroom partitions (Mod C) and changes in the internal layers on envelope walls (Mod D) resulted in
the largest increase in thermal discomfort respectively. Lastly, in the SDH2 project, a timber frame
extension with translucent roofing (Mod C) resulted in the largest increase in thermal discomfort
hours, while the addition of lightweight translucent backyard covers (Mod D) resulted in the most
significant improvement.

3.2.2. Space Heating

Table 10 summarizes the impacts of the different housing modifications on accumulated hours of
thermal discomfort across cases. While the mean demand of energy for space heating in the unmodified
benchmark housing ranged between 7351.3 and 12,722.5 kWh, the modifications to the SDH1 project
showed the largest decrease in performance with a reduction of +2251.7 kWh of thermal discomfort
and the SDH2 project showed the largest increase with −9700.5 kWh.

Table 10. The annual addition of energy demand for space heating per modification and orientation.

Project Orient
Modification

Mean
Mod A Mod B Mod C Mod D Mod E Mod F

TR
170◦ +45.1 +92.8 +322.5 +361.3 −160.7 . +132.2
60◦ +156.7 +50.5 +230.7 +197.3 −151.9 . +96.6
250◦ +12. +45.2 +215.1 +227.2 −169.4 . +66.1

JPUS
327◦ −1427.27 +358.5 +31.3 . . . −345.7
284◦ −1490.8 +402.0 +28.4 . . . −353.4
194◦ −1585.0 +537.2 +3.9 . . . −347.9

SDH1

209◦ −23.7 +1523.1 +2103.9 −44.4 . . +889.7
299◦ −15.5 +1548.2 +1995.1 −43.1 . . +871.1
119◦ −32.8 +1572.1 +2142.7 −46.1 . . +908.9
29◦ −18.3 +1591.2 +2251.7 −43.9 . . +945.1

SDH2
28◦ +73.6 +36.4 +192.0 −9567.3 +227.4 −7007.6 −2674.2
94◦ +74.3 +37.6 +300.5 −9700.5 +205.0 −7016.6 −2683.2

Regarding the impacts of housing modifications in energy loadings, the results were closely
related but different from the ones with accumulated hours of thermal discomfort. An increase in
thermal discomfort was directly linked to higher demand for HVAC energy. However, in the absence
of artificial cooling, overheating resulted in a reduction of this demand in the surveyed cases. In the
TR project, Mod D was again the one that resulted in the strongest decrease in performance. However,
Mod E (i.e., a change in envelope materials) provided the largest improvements. In the JPUS project,
Mod A resulted in the strongest reduction of energy demand due to overheating, while again changes
to envelope materials (Mod C) resulted in the largest improvements. In the SDH1 project, the results
were like the ones of thermal discomfort with Mod C and Mod D providing the worst and best results,
respectively. Lastly, in the SDH2 project, changes Mod C and Mod D again were the ones that resulted
in the strongest decrease and increase in performance, respectively.
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3.2.3. General Assessment

Figure 10 summarizes the main impacts of different modifications on the thermal performance of
the simulated cases. While the mean impacts of the modifications on the demand of energy for space
heating were low, with a reduction of −3.0%, the dispersion of the results was high, ranging between
−76.1% and +28.4%. Similarly, the dispersion of the results in the case of added hours of thermal
discomfort was high, ranging between +36.4% and −31.4% for an average of +16.1% of increase in
thermal discomfort.

Figure 10. The mean impacts of the housing modifications to energy demand for space heating and
accumulated discomfort hours for an average year across cases.

These results imply that although the average annual demand for space heating was reduced by
−506.4 kWh, in some cases, the demand increased by +2251.7 kWh, whereas in others, it decreased
by −9700.5 kWh. Similarly, although the annual thermal discomfort increased by +117.4 h, in the
extreme cases, this factor decreased by −908.6 h, whereas in others, it increased by +1067.4 h. Overall,
this implies that the way in which a housing is modified can have a significant impact on the thermal
performance of the housing, and this impact can be either positive or negative depending on the case.

3.3. Case Study Outcomes

The results presented above suggest that personalization can significantly impact housing quality
and satisfaction. The act of modifying a dwelling is often a response to household needs that are not
addressed by the dwellings in their original state, suggesting that self-construction may enable the
occupants to gain control over their residential environment. Furthermore, expectations developed
before occupancy can have a strong impact on satisfaction, suggesting that purposeful management
of this factor, as done by some developers, may be critical for the success of the housing delivery
process. Significantly, as suggested by the literature [69,79], the thermal performance of the housing
was found to be a key factor impacting household satisfaction. The survey showed that the build-up of
expectations impacted occupant perceptions regarding the environmental quality of the dwellings.
However, the simulation results evidenced that personalization can impact thermal performance
and thus quality perceptions. Overall, this suggests that a close relation between occupants and
developers (i.e., personalization as a service) and a proper fit between their needs and the attributes of
the housing (i.e., personalization as a product) can have a significant impact of satisfaction, where
thermal performance is a key intervening factor.

Although recently built, close to three quarters of the cases were modified at the moment of the
survey and one third were significantly altered, confirming the ubiquitous nature of this phenomenon
in social housing as a means to accommodate household needs and aspirations [4,11,18,70]. The
correlations between household profiles and the nature of the changes conducted provide useful
insights on the links between personalization needs and satisfaction levels. Overall, the survey suggests
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that major architectural modifications can be a consequence of substantial mismatches between basic
needs of a household and the characteristics of their residential environment, while non-structural
modifications may be related to economic factors, hence incidental preferences. When assessing the
architectural properties of their dwellings, the size of the household significantly impacted satisfaction
with both the dwelling size and the number of bedrooms. In contrast, satisfaction with minor factors,
such as built-in furniture and finishing works, was mostly correlated to household income. This
implies that when the residential environment is unable to accommodate basic household needs, such
as providing enough space to conduct daily activities according to minimum expectations, this can
result in substantial modification efforts that are materialized regardless of the economic capabilities
of the households. In contrast, cosmetic changes to accommodate second-order preferences were
conducted when the economic capacity of the occupants made them possible without substantial
sacrifices or effort. These results are consistent with general theories of housing adjustment [33,35] and
may extend them by establishing links between different residential requirements, household profiles,
housing modifications, and satisfaction levels.

In parallel, as suggested by the literature [32,51], the survey evidenced a strong connection between
residential satisfaction levels and the initial expectations of the dwellers. Satisfaction levels were
consistently lower than declared expectations, implying that contrasts between expected residential
conditions before moving into the dwellings and their actual attributes had an impact on the occupants’
quality perceptions. Notably, when these results are analyzed in depth, it is clear that seemly unrelated
factors, such as different approaches to housing provision by the developers, had a strong influence
on the outcomes. As shown by statistical analysis after grouping by developer type, higher levels of
engagement in participatory activities enabled by the developers, e.g., may have resulted in higher
satisfaction levels. This can be directly linked to the focus of these activities on issues, such as enabling
future occupants to better understand the conditions of their future residences and therefore constraint
expectations or, indirectly, to their capacity to establish personal bonds between developers and future
occupants. This is further confirmed by grouping the variable type. In the environmental variables
group, e.g., the mean expectations scores as well as the gap between expectations and satisfaction
levels were higher than in the architectural variables group, resulting in lower satisfaction levels. This
may be related to the contrasting nature of the two types of variables. Whereas tangible conditions
related to the architecture of the housing can be learned from plans or models and therefore anticipated,
their indoor environmental quality is difficult to foresee and is often assumed by occupants to comply
with minimum performance standards. These results provide further evidence on the impacts of
information on the build-up of expectations and their relationship with satisfaction levels, as proposed
by the expectancy disconfirmation model [43,44,48]. However, it also relates them with general
theories of residential satisfaction by linking these factors with conditions pertaining to the residential
environment [37,38].

Building energy simulations demonstrate that design decisions leading to housing modifications
can have a strong impact on quality perceptions. Overall, the results confirm that the thermal
performance of the housing was poor, as suggested in the literature (e.g., [80–82]). In parallel, as shown
by former works (e.g., [83–85]), the placement, material, and shape of the modifications can have a
substantial impact of the performance of the housing after it has been modified. Interestingly, the
modifications can have performance impacts that may be difficult to foresee by the occupants. Internal
lining products added to the walls, such as timber sheets, installed for aesthetic purposes, tended to
reduce the cooling energy demand for its impacts on the thermal transmittance and airtightness of
walls, while external roofs could have both positive or negative impacts according to their location and
materiality due to their impacts as sun shading devises. This implies that, without proper support,
self-help actions intended to improve the quality of the housing can have unforeseeable consequences
and have negative impacts on household satisfaction, thus the key role of this factor as part of the
personalization process.
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3.4. Residential Satisfaction Modeling

This section presents a residential satisfaction model intended to inform predictive personalization
in social housing. The model is built upon the outcomes of the residential satisfaction survey and
thermal performance assessment of the case study developments described above. Section 3.4.1 defines
a descriptive model that explains residential satisfaction as a function of household expectations and
perceptions of the residential environment. This model is later extended to incorporate forecasts as
a means to inform housing development using residential satisfaction as guiding principle through
predictive personalization (Section 3.4.2). This section ends with a discussion on the potential and
limitations of the proposed model as a means to inform housing mass personalization, and the potential
role of thermal performance as an intervening factor.

3.4.1. Descriptive Model

As discussed in Section 1.2, theories of housing adjustment [33,34] propose that households
constantly evaluate their residential environment based upon culturally derived norms that explain
different adjustment behavior. The results discussed above evidence that in Chilean social housing,
these mismatches often motivate households to modify physical characteristics of their residential
environment through different self-help actions aimed at reducing existing gaps between perceived and
expected residential conditions. In parallel, although households may gain control over their current
residential conditions by actively modifying their dwellings, the type of relationship they establish
with developers before occupancy can significantly impact expectations, and thus overall levels of
satisfaction (Section 3.3). In this context, expectancy disconfirmation theory [45,86] can be used to
formalize this relationship whilst acknowledging the key role of personalization and its potential
impact on the performance of the dwellings.

In Chilean social housing, personalization may have a twofold impact on residential satisfaction.
Firstly, a personalized relationship between users and developers before occupancy can have a
significant impact on the build-up of dwellers’ expectations regarding their future residential conditions,
and therefore on their resulting satisfaction levels. Nonetheless, such a personalized relationship does
not necessarily imply greater residential satisfaction because, as suggested by the analyses (Section 3.3),
when developers do not control expectations, the results may be the opposite. In this context, qualitative
factors surrounding the information given to the households may be critical for their potential capacity
to grasp concepts of significant technical complexity [87]. Secondly, personalization in the form of
active interventions to the physical environment (i.e., extensions, layout changes, exterior works, etc.)
can have a strong impact on residential satisfaction when household requirements are not reflected
by the attributes of the housing. However, such interventions can also have negative impacts on
satisfaction, e.g., when the housing changes affect variables, such as the thermal performance of the
housing (Section 3.2). In this sense, the impacts of personalization on residential satisfaction can be
modeled by adapting Seth et al.’s [43] formalism of expectancy disconfirmation as:

RS =
∑k

j=1

[[
Pi jtD jt

]
−

[
Ei jt−1Iit−1

]]
(2)

where RS is the overall level of residential satisfaction; k is the attributes of the residential environment;
Pi jt is the performance perception of user i on the residential attribute j at time t; D jt represents the
impacts of the dwelling on residential attribute j at time t; Ei jt−1 is the expected performance by user i
on the residential attribute j at time (t− 1); and Iit−1 is the information impacts on user k at time (t− 1).

Although this model is not intended to be a comprehensive account of the complex
multi-dimensional phenomena surrounding residential satisfaction, it synthesizes the observed
impacts of different personalization strategies on satisfaction as a dynamic system of relationships that
is both grounded on data and instrumental for mass personalization. As shown in Figure 11, this model
explains residential satisfaction as a result of a household’s expectations and performance perceptions,
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which in parallel, are impacted by the: (i) Information that may be available at any moment in time
regarding the dwelling’s attributes; and by the (ii) impact of housing on performance. In this sense,
this model can be used as a framework to assess the impacts of different personalization strategies on
expectations and performance, and thus on the perceived quality of the residential environment.

Figure 11. The relational structure of the proposed residential satisfaction model.

Furthermore, this model can be used to explain how such a system of interrelationships evolves
over time, and thus to assess how changes in the requirements and expectations of the households may
prompt further personalization responses. Figure 12 depicts residential satisfaction as an evolving
system (from (t− 1) to (t = n)) where changes in the perceived performance of a dwelling impact
information, and thereafter, the build-up of expectations regarding future residential conditions
as well as current residential satisfaction levels. In this context, both stakeholder relationships
(i.e., personalization as a service) and modifications to the built environment (i.e., personalization as a
product) can have a strong impact on information and performance, hence on the perceived quality of
the residential environment.

Figure 12. Spatial-temporal feedback relationships (left to right) linking the different components of
the residential satisfaction model throughout a dwelling’s life cycle.

3.4.2. Towards Predictive Personalization

Beyond explaining residential satisfaction in relation to different personalization strategies over
the housing’s life cycle, a key feature of the proposed model is it defines a general framework that
can be extended to inform housing mass personalization. As discussed in Section 1.1, in order
to effectively meet individual household requirements, mass personalization should address tacit
household requirements and occupancy patterns that change over the dwelling’s life cycle [28]. In
this context, Figure 13 illustrates the addition of the forecasted conditions Fi j variable to the proposed
residential satisfaction model. This enables increasing the accuracy of the information that may be
provided to the user regarding the impacts of housing attributes on the quality of the residential
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environment before, e.g., conducting adaptive modifications during occupancy (t = −1) or when
designing a dwelling before occupancy (t > 1).

Figure 13. Incorporation of forecasted conditions (Fi j) into the residential satisfaction model.

The introduction of forecasted conditions to this model is a fundamental step towards enabling
its utilization in mass personalized housing development. The possibilities opened by this variable
are at least twofold. On the one hand, introducing feedback mechanisms to this model enables
its utilization as part of the production systems that may be capable of better understanding the
potential impacts of design decisions on residential quality perceptions. This can be done before their
construction and, therefore, help to reduce mismatches between housing attributes and the needs
and expectations of the occupants. Using the lessons learnt from the Chilean case, one of such cases
may be, e.g., the risk of thermal performance problems when planning housing extensions. A mass
personalization system capable of foreseeing the impacts of extensions on the thermal requirements
of a specific household may enable users to select the best alternative, and therefore enhance their
satisfaction levels during occupancy. The same applies to other design decisions and housing retrofits,
where predictive personalization should be informed by both the characteristics of the residential
environment and the profile of the dwellers (i.e., household size, income, etc.). On the other hand, the
capacity of these feedback mechanisms to enable occupants to better understand the impacts of design
decisions on qualitative dimensions of the residential environment may help to constrain expectations,
and therefore enhance future satisfaction levels. This is a significant issue because, as discussed in
Section 3.3., a larger gap between expectations and residential quality perceptions is associated with an
increase in dissatisfaction. Using the same example described above, after exploring different extension
alternatives, a household can have a deeper understanding of both the implications of its decisions
and the potential magnitude of their impacts on the thermal performance of the dwellings. This, as
suggested by the survey outcomes and captured by the proposed model, should enhance residential
satisfaction levels.

4. Conclusions

This study evaluates the impacts of different personalization strategies on residential satisfaction
and proposes a model that formalizes some of its intervening factors as a dynamic structure aimed
at addressing changing occupancy patterns throughout the dwelling’s life cycle. This model uses
expectancy disconfirmation theory as a framework to explain residential satisfaction as a measure of
the difference between expected and perceived residential conditions where personalization, either as
a product or as a service, can have a strong impact both before and during occupancy.
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As evidenced by the survey results, a personalized relationship between stakeholders can have
a strong impact on the expectations of the households before occupancy, whereas personalization
through active self-construction can be an effective strategy for households aiming to gain control
over their resulting residential conditions. In this context, the thermal performance of housing was
shown to be a significant source of dissatisfaction among occupants. In parallel, the simulation results
demonstrate that personalization through self-help action can impact the environmental performance
of the dwellings, either positively or negatively, and thereafter influence the capacity of the occupants
to achieve expected residential conditions. Significantly, households may rightfully assume that
their dwellings can have adequate or at least comply to minimum standards of thermal performance
(i.e., implicit factor behind the quality of the residential environment), explaining the strong impacts of
this variable on residential satisfaction when failing to meet expectations. In this context, personalization
may influence the perceived quality of the residential environment, either through its impact on
the build-up of expectations or on the actual performance of the dwellings. Accordingly, predictive
personalization may potentially enhance the quality of the residential environment through informing
decision-making before conducting such adaptive modifications and by providing accurate information
that may help to constrain household expectations.

The proposed model, built upon field information findings, provides a means to structure, weight,
and measure these factors. Significantly, the model is aimed at informing the development of mass
personalized housing. Hence, it should be understood as one component of a larger comprehensive
product-service ecosystem. Developing the components and structure of this ecosystem is beyond the
scope of this study, and therefore is one of the main areas of future research derived from this model.

It has been argued that mass personalization systems should be structured from the bottom-up by
a core infrastructure, hard products, and soft characteristics to be personalized. In parallel, assessing
the impacts of different personalization strategies on a dynamic residential environment is a problem
that involves multiple interacting factors and levels of uncertainty that may prevent meaningful
analysis without a concrete scenario setting. However, learning from self-help and participatory
housing research, it is understood that enabling thorough feedback mechanisms and direct household
involvement into the housing delivery process may overcome some of these limitations. In order to
achieve this, a complete mass personalization model should be conceptualized, implemented, and
tested towards fully assessing the potential and limitations of predictive personalization. Accordingly,
they are the focus of further research derived from the model structured in this paper.
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Appendix A

Figure A1. Benchmark house, orientations, and different modification alternatives included in the
environmental performance assessment of the TR estate [88] (green = addition).

Figure A2. Benchmark house, orientations, and different modification alternatives included in the
environmental performance assessment of the JPUS estate [88] (green = addition; orange = removal).
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Figure A3. Benchmark house, orientations, and different modification alternatives included in the
environmental performance assessment of the SDH1 estate [88] (green = addition; orange = removal).

Figure A4. Benchmark house, orientations, and different modification alternatives included in the
environmental performance assessment of the SDH2 estate [88] (green = addition; orange = removal).
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